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Abstract 
 
In this study we developed an optical fiber biosensor able to detect the presence of naphthalene in 

sea-water. With this aim, we designed and produced an antibody specific for the naphthalene 

molecule. The capability of the antibody to bind to naphthalene was characterized by ELISA tests.  

A surface plasmon resonance (SPR) sensor platform was realized by sputtering a gold layer on a 

modified plastic optical fiber (POF). The gold surface was derivatizated and functionalized with the 

produced antibody by using the EDC/NHS amino-coupling immobilization protocol. The obtained 

results indicated that the POF-biosensor is able to sense the presence of naphthalene in a sea-water 

solution.  The limit of detection (LOD) value was calculated to be 0.76 ng/mL, a value lower than 

the maximum residue limit value of naphthalene (0.13 µg/mL) referred as the water environmental 

quality standards (EQS). In addition, to the high sensitivity of the assay, it is remarkable to point 

out the possibility to monitor the presence of naphthalene in a real sea water solution by exploiting 

a simple experimental setup with a remote sensing capability offered by the POF-biosensor.  
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Introduction 
 

Naphthalene (NAPHTA) is a simple polycyclic aromatic hydrocarbon (PAH). Its structure is made 

by a fused pair of benzene rings, whose formula is C10H8. The U.S. Environmental Protection 

Agency (EPA) has rated naphthalene as a semi-volatile organic compound (SVOC) [1]. The 

International Agency for Research on Cancer (IARC), instead, focusing on the association to rare 

nasal tumours due to the exposition to naphthalene, has classified naphthalene as possibly 

carcinogenic to humans [2]. Releases of naphthalene are controlled through the Prevention and 

Control (PPC) Regulations, the Food and Environmental Protection Act (FEPA 1985), the Control 

of Pesticides Regulations (COPR 1986) and the UK Surface Waters (dangerous substances) 

Regulations (SI 1997/2560).  At an international level, naphthalene is listed as a candidate 

substance for priority action under the Helsinki convention for the protection of the marine 

environment of the north-east Atlantic (OSPAR Conventions), in order to protect the marine 

environments of the Baltic Sea and north-east Atlantic Ocean. Eventually, the World Health 

Organization (WHO) is considering the development of an indoor air guideline for naphthalene 

pollution [3]. 

Naphthalene is naturally found in fossil fuels and the largest exposures to this compound occur near 

sources emitting naphthalene. The main anthropogenic sources of naphthalene are represented by 

chemical industries, burning of biomass, insect repellents and gasoline [4]. In urban areas, the main 

source of dangers for human health is the exposition to vehicle emissions containing high levels of 

naphthalene [5,6]. It is also reported that exposure for long time can affect the peripheral nervous 

system, kidneys and the liver. [7]. 

In order to detect the presence of NAPHTA in different real matrices, an analytical method is 

required. At present, capillary gas chromatography [8], gas chromatography-mass spectrometry [7, 

9, 10] and high-performance liquid chromatography [11] are the main methods used for the 

determination of naphthalene. Gas chromatography coupled with infrared spectroscopy [12], gas 

chromatography with fluorescence detection [13], nuclear magnetic resonance spectrometry [14] 

and laser mass spectrometry [15] techniques have been developed. A crucial step for the 

naphthalene determination is represented by the need to perform a pre-concentration phase (both if 

analyses are performed in air or water samples) before its determination. This represents a 

bottleneck for the NAPHTA determination.  
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In this context, a biosensor may represent an interesting analytical tool to detect NAPHTA without 

pre-concentration or derivatization steps.  

In order to achieve this purpose, we exploited an SPR sensor platform based on plastic optical fibers 

(POFs) [16]. We utilized as specific molecular recognition element (MRE) for NAPHTA a novel 

antibody able to detect NAPHTA in aqueous medium without any pre-concentration step.  

POF sensor systems are particularly advantageous due to their easily handling and installation 

procedures, large diameter of the fiber (a millimetre or more), low-cost and simplicity in 

manufacturing [16-25]. As reported in literature, SPR sensor based on a D-shaped POF [16] is 

particularly interesting for bio-sensing applications because it works with a planar gold surface and 

an external medium refractive index ranging from 1.33 to 1.42 values. These values are typical of 

biosensors used for specific detection of analytes in aqueous media by self-assembling monolayers 

[17, 21-25]. 

In this work, we developed and characterized an SPR-POF biosensor to detect traces of NAPHTA 

in seawater samples. As previously developed for PFOA and other analytes [17,21-25] the gold 

surface of the SPR-POF sensor was chemically modified through the formation of specific reactive 

groups and functionalized with antibodies able to specifically recognize the NAPTHA. To obtain 

the anti- NAPHTA antibodies, a retro-synthetic chemical strategy was applied to modify the 

NAPHTA structure in a derivative structure. This modified NAPHTA structure was coupled to a 

protein carrier and used for immunization. 

The developed sensing assay allowed to perform measurements directly in real matrices of sea 

water. The results showed that the NAPHTA biosensor is able to sense the presence of 0.76 ppb 

NAPHTA, an amount lower than the limit value (0.13 µg/mL) fixed by European Union 

regulations. 
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Materials and Methods 

 

2.1 Materials 

N-hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride 

(EDC), Keyhole limpet hemocyanin (KLH) and�D-lipoic acid were purchased from Sigma-Aldrich 

(Sigma-Aldrich S.r.l. Milan, Italy). All the other chemicals were commercial samples of the purest 

quality. 

 

2.2. Naphthalene derivative synthesis 

Tetraethylene glycol p-toluenesulfonate (100 mg, 0,287 mmol) was added to a round-bottomed 

flask containing an ice-cold solution of 5 equivalents of N-Methyl-1-naphthalenemethylamine, in 

500 μL of anhydrous pyridine. The reaction was left to react for 30 minutes under magnetic stirring, 

then a gentle reflux was applied by heating the mixture with an oil bath. The colour of the reaction 

mix turned from transparent to pale yellow after the first 30 min, then into amber during the 2 h of 

reflux. Thin-layer chromatography (TLC) confirmed the formation of the product. The mixture was 

co-evaporated with anhydrous toluene to eliminate the pyridine, then it was purified by standard 

acid/base liquid separation to obtain a viscous amber oil, which was further purified by preparative 

silica TLC (8:2 DCM:MeOH + 0.1% NH3 solution). The incorporation of the tetra-ethylene glycol 

linker was confirmed by nuclear magnetic resonance spectroscopy (NMR) experiment. Finally, the 

product was further transformed to be amino-reactive by incorporation of a reactive NHS moiety. 

The alcohol previously obtained was left to react overnight at 4°C under vigorous stirring with 1.2 

equivalent of NaH, then iodoacetic acid (5 eq.) was added to the reaction mix. The crude product is 

then dried at rota-vapor and the mix was esterificated in DMF with 10 eq. of TEMED and 5 eq. of 

NHS. The obtained compound was characterized by 1H-NMR and the characteristic resonances of 

the atomic group present in the structure were identified. 

 

2.3 Keyhole Limpet Hemocyanin (KLH- NAPHTA) conjugates production 

Keyhole limpet hemocyanin (KLH) is a large, multi-subunits, oxygen-carrying metallo-protein 

extensively used as a carrier protein in the production of antibodies. The KLH was purchased from 

the Thermo-Fisher and was used in conjugation reaction with the amino reactive naphthalene 
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produced. For the conjugation, the following procedure was used: Naphthalene derivative 

containing the reactive group for a fast self-coupling with proteins was dissolved in 10 mM 

phosphate buffer at pH 7.4 and incubated with the KLH protein, the molar ratio was 1:100. The 

reaction mixture was incubated at room temperature under continuous stirring for 2 hours and then 

dialyzed against 0.5 L of 10 mM phosphate buffer at pH 7.4 for 4 days with daily buffer changes. 

After the extensive dialysis the conjugate KLH-NAPHTA produced was used as antigen in the 

immunization procedure.  

 

2.4 Immunization procedure and purification of IgG anti-Naphthalene  

Two rabbits were immunized following a standard protocol of immunization reported in Pennacchio 

et al. [26]. For this purpose, intradermal inoculation of KLH- NAPHTA conjugate (1 mg per each 

rabbit) was executed. At the end of the immunization process, the rabbits were sacrificed and their 

blood collected and centrifuged to separate blood cells from serum. The obtained sera were used for 

IgG anti-Naphthalene purification. Soon afterwards, the serum sample was diluted in ratio 1:1 with 

binding buffer (Tris-HCl 50 mM pH 7.4) and applied to Protein A resin (Sigma-Aldrich). After an 

overnight binding step, the flow-through was eluted and the wash step with 50 mM Tris-HCl pH 7.4 

was performed in order to remove the un-binding proteins from the column. After these steps, the 

IgG fractions were eluted from column with 0.1 M of Glycine-HCl pH 3.0 and immediately 

buffered using a solution of Tris-HCl 1.0 M pH 9.0. In order to estimate the homogeneity and the 

molar concentration of the purified total IgG, a gel electrophoresis in denatured condition (SDS-

PAGE) and adsorption spectra were respectively made (data not shown). 

 

2.5 Affinity column preparation of NAPHTA -EAH Sepharose 4B and mono-specific antibody anti-

Naphtha purification 

The affinity column was obtained by conjugating the naphthalene derivative to EAH Sepharose 4B 

using the manufacturing instruction. In brief, a 12 mL sample of the resin was washed with H2O at 

pH 4.5 (160 mL), with 0.5M NaCl (100 mL), and again with H2O at pH 4.5 (100 mL). The 

Sepharose resin was finally packed into a polystyrene column (50 mL, BIORAD) suspended in 2.0 

mL of H2O at pH 4.5 and the resulting suspensions were gently shaken. The Naphthalene 

derivative, containing in its structure a reactive group for a fast self-coupling with proteins, was 

dissolved in 10 mM phosphate buffer at pH 7.4 and incubated with the slurry resin at a molar ratio 

of 1:10 for 2 h at room temperature. The slurry resin solution was extensively washed with H2O at 

pH 4.5, 0.5 M NaCl, then it was treated with 15 mL of 0.1 M AcOH at pH 4.0, 0.5 M NaCl 

(blocking buffer) and later with 0.1MTris-HCl at pH 7.0, 0.5 M NaCl (wash buffer). After this step, 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

7 
 

the resin was washed with the blocking buffer and incubated for 30 min at room temperature. 

Finally, the resin was equilibrated with 10 mL of 50 mM Tris-HCl at pH 7.4. The total IgGs 

obtained from the Protein A purification step were incubated with the EAH-Naphtha resin 

produced. After the incubation step, the column was extensively washed with 50 mM Tris-HCl 

pH7.4 in order to remove un-specific binding with the EAH-NAPHTA resin of the IgGs. The 

mono-specific IgGs were eluted by strong pH changing (Glycine 50 mM pH 3.0) and the purity and 

binding capability of the obtained mono-specific antibodies were evaluated through the SDS-

PAGE. Finally, the concentration of the antibodies at the end of dialyses processes was 

spectrophotometrically determined by absorbance measurements at O = 278 nm. 

 
2.6 Glutamine-Binding protein- NAPHTA conjugate and ELISA test 

The antibodies titer was determined by using indirect ELISA assay, as reported by Pennacchio [26]. 

In order to avoid interference from the carrier protein in the polyclonal antibody detection process, 

NAPHTA derivative (through the same procedure used for KLH- NAPHTA) was conjugated to the 

Glutamine binding protein isolated from E. coli [27]. The GlnBP- NAPHTA conjugate (2 mg/ml), 

prepared according to Pennacchio [26], diluted 1/200, was dissolved in coating buffer at pH 9.5 (25 

mM carbonate/bicarbonate) and was deposited on coat 96-well micro-plates surface in a range of 

concentrations from 1.2 ng/mL to 1.7 ng/mL, GlnBP with same concentration was dissolved in 

coating buffer and used as negative control. The plate was incubated overnight at 4°C. After this 

incubation, it was washed three-times with PBS buffer (0.1 M) containing 0.05% Tween (PBS-T), 

pH 7.4 and blocked for 1 hour at room temperature with a solution of 1% milk in PBS-T buffer. The 

wells were washed several times with PBS-T after each step, incubated with mono-specific anti-

PFOA antibodies at 37°C for 1 hour and subsequently with horseradish peroxidase-conjugated anti-

rabbit IgG antibodies (diluted 1:12000). This solution was incubated for 1 hour at 37°C. The 

enzyme substrate TMB was added, and the colour reaction was quenched after 5 minutes by the 

addition of 2.5 M HCl. The absorbance value at 450 nm was measured, plotting the reciprocal of the 

antibody dilution against absorbance.  

 

2.7 Plasmonic Platform in optical fiber with the experimental setup 

The optical platform was realized in a D–shaped plastic optical fiber (POF) sensing region, of 10 

mm in length, by a multilayer deposited on the flat exposed POF core (D-shaped sensing region). 

The used POF showed a diameter of 1.0 mm, a core of poly-methyl methacrylate (PMMA) with 980 

μm in size and a cladding of fluorinated polymer (20 μm of size). 

The procedure to obtain this plasmonic platform was based only on three steps: first, removing the 
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cladding of POF (along half circumference) by polishing process; second, spin coating (6,000 rpm 

for 60 seconds) an optical buffer layer on the POF core; finally, sputtering a thin gold film by a Bal-

Tec SCD 500 machine. The sputtering process was repeated three times by applying a current of 60 

mA for 35 seconds (20 nm of gold for step).  

The proposed buffer layer, used to improve the performances and the adherence of the gold film, 

was a photoresist Microposit S1813, with a refractive index greater than the one of the POF core 

[16]. To deposit the photoresist buffer layer, we used a spin coater machine in order to obtain a 

uniform layer. Furthermore, the shape of the resonance curve and the absence of multiple resonance 

peaks, obtained with the bare gold surface in water, were indirect indications of the uniformity of 

the photoresist buffer layer. In particular, the multilayer deposited on the D-shaped POF region 

presented a thickness of the buffer layer of about 1.5 μm and a gold film of 60 nm. 

The optical sensor system was completed with a very small size, simple and low-cost equipment, 

composed by a halogen lamp and a spectrometer connected to a PC. The white light source 

(halogen lamp, HL–2000–LL, manufactured by Ocean Optics, Dunedin, FL, USA) had an emission 

range from 360 nm to 1700 nm, whereas the spectrometer (FLAME-S-VIS-NIR-ES, manufactured 

by Ocean Optics, Dunedin, FL, USA) had a detection range from 350 nm to 1023 nm. We 

connected the SPR-POF sensor to the equipment, light source and spectrometer by two removable 

SMA connectors.  The SPR curves along with data values were displayed on-line on the computer 

screen and saved with the help of a software provided by Ocean Optics, setting the integration time 

at 1,000 µs and the averaging of the scans at 100. The SPR transmission spectra were normalized to 

the reference spectrum (air as the surrounding medium) by Matlab software [16]. 
 

2.8 Immobilization process on the chip surface 

Following the immobilization procedure reported in Cennamo et al [17], the POF surface was 

sequentially cleaned with: (1) milli-Q water (3 times for 5 minutes) and (2) 10 % of ethanol solution 

in milli-Q water (3 times for 5 min). Then the surface was pre-treated before the covalently 

immobilization of mono-specific antibody against NAPHTA. This procedure consists of three 

different steps: (1) thiol film production, (2) derivatization of the surface by EDC/NHS (3) antibody 

anti-Naphthalene (anti-NAPHTA) immobilization. Soon afterwards the gold chip was immersed in 

freshly prepared solution of α-lipoic acid dissolved in a solution of pure ethanol 10 % in water at 

the final concentration of 40 mM and incubated at 25°C for 18 h and after this incubation period, 

the gold-coated surface was washed with milli-Q water (three times). Sequentially, a mixture of 

EDC/NHS at the final concentrations of 200 mM and 50 mM, were incubated on the chip surface 

for 20 minutes at RT, then for 2 h at room temperature with an msAb anti-NAPHTA 2 mg/ml (100 
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µl) solution in sodium phosphate buffer 20 mM, pH 7.5. Finally, the chips were washed with 

potassium phosphate buffer sodium phosphate buffer 20 mM, pH 7.5 and dried with nitrogen gas. 

The immobilization process can be observed by the resonance wavelength, when a buffer solution 

(blank) is present as bulk. In fact, when a bio-layer is added to the gold film, the measured 

refractive index increases and the resonance wavelength increases, though there is an equal medium 

as bulk (buffer solution). The shift value due to the antibodies immobilization (post 

functionalization) was about 15 nm and about 20 nm after the final passivation step. This method 

has already been reported in our previous work [17]. 

 

2.9 Naphthalene sample preparation 

2 mg/mL of naphthalene crystalline powder was solved into 2 mL of ethanol. 100 µL of this 

solution was diluted in 10 mL of deionized water. Then the water solution obtained (10 µg/mL 

naphthalene, 1% ethanol), was sequentially diluted to prepare the samples in a range of 

concentration from 2.5 to 0.0005 µg/mL. The simulated sea-water matrix samples (in the same 

range of naphthalene concentration) were obtained by diluting 10 µg/mL naphthalene in 1% ethanol 

solution with 0,460 M NaCl buffer. 

 

2.10 Binding experiments 

Experimental results were collected using a simple measuring protocol: about 50 μL of NAPHTA 

solutions at different concentrations were dropped over the sensing region; after an incubation step 

(ten minutes at room temperature for bio-interaction between analytes and receptor), a washing step 

with PBS (buffer) was carried out before the recording of the spectrum (when buffer is present as 

bulk). This protocol was used to measure the shift of the resonance determined by the specific 

binding (analyte/receptor interaction) on the sensing area, and not determined by the bulk refractive 

index changes or by non-specific binding between the gold surface and the analyte. The binding 

between the receptor on the SPR-POF platform and NAPHTA in real matrices was evaluated in the 

range from 0.0 to 2500 ppb (2.5 µg/mL). 
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3. Results and Discussion 

 
3.1 Antibody anti- NAPHTA design and production 

During the last decade, a general strategy to activate and bind small analytes to an antigenic carrier 

was developed to produce high specific MREs such as antibody biomolecules [25-32]. This 

strategy, shown in Figure 1, starts from the functionalization of analytes to obtain a more reactive 

carboxylic/amino derivative for the conjugation with a carrier protein. This strategy gives an 

immunogenic molecule that produces a significantly higher immunological response. The 

immunogenic molecule obtained is then used for the production of antibodies. 

In this context, a soluble NAPHTA derivative compound was been generated with the aim to obtain 

antibody molecules able to bind NAPHTA with high affinity. In particular, a retro-synthetic 

strategy was been planned and three main features were considered: 1) the derivative molecule 

should have an intact naphthalene scaffold; 2) the derivative molecule should be a not-

immunogenic linker for a high water solubility and maintain a correct orientation; 3) the linker 

should have a reactive moiety for a fast self-coupling with proteins. 

Following this strategy in Figure 2 are reported the 1H NMR spectra (Figure 2A) and structure of 

the derivative compound (Figure 2B), obtained with the retrosynthetic approach described in the 

material and method section. The NAPTHA derivative containing a reactive group for a fast self-

coupling with proteins was conjugated to the high immunogenic protein keyhole limpet hemocyanin 

(KLH). The obtained KLH-NAPTHA (Figure 2C) conjugate was used to produce a high-affinity 

antibody, using a standard protocol of immunization. At the end of this process, anti-NAPHTA 

antibodies (msAb-NAPHTA) were purified from serum through two different chromatography steps 

(Protein A Sepharose and NAPHTA–EAH Sepharose).  Their binding capability to NAPHTA was 

evaluated. To estimate the titer of the msAb against NAPHTA, an indirect ELISA test was 

performed. In order to avoid interference from the carrier protein, in the ELISA test, NAPHTA 

derivative was conjugated to different carrier molecules. For this purpose the GlnBP isolated from 

E. coli was used. Microplate wells were coated with different concentrations of antigens GlnBP- 

NAPHTA and reacted with serially diluted msAb-NAPHTA. Figure 3 shows the ELISA results, 

where the absorbance values at 450 nm are reported, for different concentrations of coated GlnBP-

NAPHTA. No signal was registered from non-coated wells, while a positive signal was observed 

when the msAb dilution of 1 in 12,000 was applied. In order to test the antibody selectivity, the 

ELISA was also performed using as potential antigens different molecules that are known to be co-

pollutants in the seawater, (e.g. PFOA and PFOS) and no cross-reactivity was found. 
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In Figure 4 the SPR-POF sensor platform with the flow-chart used for the realization is shown. The 

obtained optical sensor system is small in size, simple and low-cost, being equipped with a halogen 

lamp and a spectrometer connected to a PC, as already reported in the Section 2.7.  

In Figure 5 the functionalization of the gold surface of the SPR-POF platform is reported. Aiming 

at obtaining a smart surface to detect the NAPHTA compound, as reported in our previous works 

[17, 25], the gold surface was sequentially treated with a solution of α-lipoic acid (a), EDC/NHS (b) 

and finally with mono-specific antibodies against the NAPHTA (c). At the end of these steps, a 

passivation procedure of the surface was performed by incubation of GlnBP for 2 h at room 

temperature (Figure 5A). The immobilization of the antibodies on the sensor surface is confirmed 

by the SPR results: SPR transmission spectra, reported in Figure 5B, show a shift (an increase of 

the resonance wavelength) in presence of the same bulk refractive index, before and after the 

functionalization procedure. As already reported in Section 2.8, this shift, due to an increase of the 

refractive index in contact with the gold surface, indicates that the anti- NAPHTA antibodies were 

immobilized on the gold surface. Figure 5B shows a resonance shift value, after the 

functionalization step, of about 15 nm while the shift amounts to 20 nm after the final passivation 

step. 

 

3.2 NAPHTA detection 

In an SPR-POF platform when the refractive index at the gold-dielectric interface increases, the 

resonance wavelength shifts to the right (increase). When a bio-receptor layer is present on the gold 

film, the selective recognition and the consequent capture of the target analytes present in a liquid 

sample, lead to a local increase of the refractive index of the dielectric layer in contact with the 

metal, therefore the resonance wavelength increases.  Figure 6A shows the transmission spectra of 

the SPR-POF with the bio-receptor, normalized to the reference spectrum (with air as the 

surrounding medium), and obtained at increasing concentrations of NAPHTA in a real sea-water 

solution. The resonance wavelength is shifted to higher values by increasing the concentration of 

the analyte (Fig. 6A). Figure 6B reports the variation of the resonance wavelength with respect to 

the blank, Δλc (nm), versus the analyte amount (ppm), in a semi-log scale, and the fitting by Hill 

equation reported below [33]: 

 

Δ𝜆𝑐 = Δλ = 𝜆𝑐 − 𝜆0 =  ∆𝜆𝑚𝑎𝑥 ∙
𝑐𝑛

𝐾𝑛+𝑐𝑛
         (1)     

 
 

where Δλmax is the maximum resonance wavelength variation at increasing concentration of 
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naphthalene (the saturation value minus the blank value). The symbol c indicates the concentration 

of the analyte and λc indicates the resonance wavelength at c concentrations. The resonance at 

0.0ppb concentration (blank) is indicated as λ0. The two parameters K and n are considered as 

descriptors of the standardization curve (Eq. 1), but they can also have a physical meaning [33]. 

Standardization curves, as the curves described by eq. 1, are commonly used when dealing with 

chemical sensors and biosensors. Their physical meaning, in particular the non-linear trend, is 

related to the finite number of the specific sites available for adsorption, which leads to a saturation 

at high analyte concentrations. In this case, the adsorption takes place according to the Langmuir 

adsorption isotherm [33]. The value of n in the Langmuir sorption model should be equal to 1, and 

it is different in case of the presence of cooperative effects. 

In Figure 6B, each experimental point (black square) is the average of 5 subsequent measurements 

and the error bars represent the respective standard deviations, whereas the fitting is performed 

applying by fitting the Hill equation (OriginPro 8.5, Origin Lab. Corp., Northampton, MA, USA). 

The obtained parameters are listed in Table 1. 

The ∆λ0 value should be not significantly different from 0.0, since it indicates the shift of the 

resonance wavelength with the concentration of analyte at 0.0 ppb concentration. The value of n 

cannot be considered as significantly different from 1.0 (see Table 1). From Eq. 1 it is possible to 

notice that, if n≈1 and at low concentration, i.e. at c much lower than K, the dose-response curve is 

linear, with sensitivity ∆λmax/K, defined as the "sensitivity at low concentration", as shown in Eq. 2: 

 

    (2)  

 

Standardization curves, like the curves reported in Figure 6B, with the Hill parameters listed in 

Table 1, are commonly used for biosensors. When the number of receptor sites available for the 

combination with the substrate is limited, the physical meaning of the Hill’s parameters can be 

related to the fact that the adsorption takes place by the combination of the substrate at specific sites 

(the adsorption takes place according to the Langmuir adsorption isotherm). The parameter K of the 

Hill equation (Eq. 1 and 2) corresponds to the reciprocal of the affinity constant of the specific sites 

of the Langmuir model [33]. The affinity constant (Kaff), the sensitivity at low concentration and the 

lower detection limits (LOD) of naphthalene in a real sea-water solution are reported in Table 2. 

The LOD can be calculated by the ratio of three times the standard deviation of the blank. 

In order to verify the non-specific binding between the sensing layer and the NAPHTA, the 

response of SPR-POF sensor without the bio-receptor was tested. Figure 7 shows the SPR curves 
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obtained with different concentrations of NAPHTA in real solution. In this case, we used a range of 

NAPHTA concentration wider than the saturation value (around 10 ppb). The results obtained show 

that, as a consequence of the concentration increase, the shift of the resonance wavelength was not 

registered. 

 

4. Conclusion 
Aiming at detecting naphthalene in seawater, we designed a novel SPR-POF sensor that combines a 

novel antibody layer with a plasmonic platform in plastic optical fibers. The procedure used for the 

bio-receptor design and production allows to obtain very high affinity antibodies against the 

NAPTHA and this characteristic was used to develop the SPR-POF biosensor. The binding tests 

were realized on laboratory and simulated real matrix samples. The selective recognition of 

NAPTHA, in a liquid sample by antibody layer, displayed an increase of the resonance wavelength. 

The obtained results showed that the assay is selective and able to sense the presence of a very low 

amount of NAPTHA, exhibiting a LOD of 0.76 ng/mL (0.76 ppb), a value that is lower than the one 

fixed by the European Union regulations. In the future, after these preliminary laboratory results, 

the remote sensing capabilities offered by optical fibers could be exploited for on-site and real-time 

monitoring of the naphthalene concentration in sea-water. 
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Figure legend 
 
Figure 1. Flowchart of the strategy used for antibodies production, purification and quantification. 
 
Figure 2. (A) 1H NMR spectrum of the naphthalene derivative. (B) Water soluble and self-
conjugate naphthalene derivative. (C) 2. Scheme of conjugation reaction between the KLH and 
naphthalene derivative, the reaction was performed at RT, at pH 6.0 for 2 h. 
 
Figure 3. Indirect ELISA test results obtained using msAb anti-NAPTHA. The assay was 
performed in the Tris-borate buffer in the presence of 0.005% Tween and 1% milk. Temperature 
was 25 °C. 
The dilution of anti-NAPTHA was 1:12,000. 
  
Figure 4. Plasmonic platform in POF with the experimental setup and the description of the needed 
steps to realize it.  
 
Figure 5. Gold surface functionalization processes. Resonance spectra were acquired in buffer 
solution (PBS) obtained before and after the functionalization and passivation processes.  
 
Figure 6. SPR spectra acquired to naphthalene detection. (A) SPR spectra obtained by SPR-POF 
with the bio-receptor at different concentrations of naphthalene in real seas water matrices (460 mM 
NaCl), in the range from 0.0 to 2500 ppb. (B) Plasmon resonance wavelength shift (Δλc) versus 
concentration of naphthalene (ppb) in semi-logarithmic axes, and Hill equation fitting of the 
experimental data. 
 
 
Figure 7. SPR spectra obtained by SPR-POF without the bio-receptor at different concentrations of 
naphthalene in real sea-water matrices. 
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Abstract 
 
In this study we developed an optical fiber biosensor able to detect the presence of naphthalene in 

sea-water. With this aim, we designed and produced an antibody specific for the naphthalene 

molecule. The capability of the antibody to bind to naphthalene was characterized by ELISA tests.  

A surface plasmon resonance (SPR) sensor platform was realized by sputtering a gold layer on a 

modified plastic optical fiber (POF). The gold surface was derivatizated and functionalized with the 

produced antibody by using the EDC/NHS amino-coupling immobilization protocol. The obtained 

results indicated that the POF-biosensor is able to sense the presence of naphthalene in a sea-water 

solution.  The limit of detection (LOD) value was calculated to be 0.76 ng/mL, a value lower than 

the maximum residue limit value of naphthalene (0.13 µg/mL) referred as the water environmental 

quality standards (EQS). In addition, to the high sensitivity of the assay, it is remarkable to point 

out the possibility to monitor the presence of naphthalene in a real sea water solution by exploiting 

a simple experimental setup with a remote sensing capability offered by the POF-biosensor.  
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Introduction 
 

Naphthalene (NAPHTA) is a simple polycyclic aromatic hydrocarbon (PAH). Its structure is made 

by a fused pair of benzene rings, whose formula is C10H8. The U.S. Environmental Protection 

Agency (EPA) has rated naphthalene as a semi-volatile organic compound (SVOC) [1]. The 

International Agency for Research on Cancer (IARC), instead, focusing on the association to rare 

nasal tumours due to the exposition to naphthalene, has classified naphthalene as possibly 

carcinogenic to humans [2]. Releases of naphthalene are controlled through the Prevention and 

Control (PPC) Regulations, the Food and Environmental Protection Act (FEPA 1985), the Control 

of Pesticides Regulations (COPR 1986) and the UK Surface Waters (dangerous substances) 

Regulations (SI 1997/2560).  At an international level, naphthalene is listed as a candidate 

substance for priority action under the Helsinki convention for the protection of the marine 

environment of the north-east Atlantic (OSPAR Conventions), in order to protect the marine 

environments of the Baltic Sea and north-east Atlantic Ocean. Eventually, the World Health 

Organization (WHO) is considering the development of an indoor air guideline for naphthalene 

pollution [3]. 

Naphthalene is naturally found in fossil fuels and the largest exposures to this compound occur near 

sources emitting naphthalene. The main anthropogenic sources of naphthalene are represented by 

chemical industries, burning of biomass, insect repellents and gasoline [4]. In urban areas, the main 

source of dangers for human health is the exposition to vehicle emissions containing high levels of 

naphthalene [5,6]. It is also reported that exposure for long time can affect the peripheral nervous 

system, kidneys and the liver. [7]. 

In order to detect the presence of NAPHTA in different real matrices, an analytical method is 

required. At present, capillary gas chromatography [8], gas chromatography-mass spectrometry [7, 

9, 10] and high-performance liquid chromatography [11] are the main methods used for the 

determination of naphthalene. Gas chromatography coupled with infrared spectroscopy [12], gas 

chromatography with fluorescence detection [13], nuclear magnetic resonance spectrometry [14] 

and laser mass spectrometry [15] techniques have been developed. A crucial step for the 

naphthalene determination is represented by the need to perform a pre-concentration phase (both if 

analyses are performed in air or water samples) before its determination. This represents a 

bottleneck for the NAPHTA determination.  
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In this context, a biosensor may represent an interesting analytical tool to detect NAPHTA without 

pre-concentration or derivatization steps.  

In order to achieve this purpose, we exploited an SPR sensor platform based on plastic optical fibers 

(POFs) [16]. We utilized as specific molecular recognition element (MRE) for NAPHTA a novel 

antibody able to detect NAPHTA in aqueous medium without any pre-concentration step.  

POF sensor systems are particularly advantageous due to their easily handling and installation 

procedures, large diameter of the fiber (a millimetre or more), low-cost and simplicity in 

manufacturing [16-25]. As reported in literature, SPR sensor based on a D-shaped POF [16] is 

particularly interesting for bio-sensing applications because it works with a planar gold surface and 

an external medium refractive index ranging from 1.33 to 1.42 values. These values are typical of 

biosensors used for specific detection of analytes in aqueous media by self-assembling monolayers 

[17, 21-25]. 

In this work, we developed and characterized an SPR-POF biosensor to detect traces of NAPHTA 

in seawater samples. As previously developed for PFOA and other analytes [17,21-25] the gold 

surface of the SPR-POF sensor was chemically modified through the formation of specific reactive 

groups and functionalized with antibodies able to specifically recognize the NAPTHA. To obtain 

the anti- NAPHTA antibodies, a retro-synthetic chemical strategy was applied to modify the 

NAPHTA structure in a derivative structure. This modified NAPHTA structure was coupled to a 

protein carrier and used for immunization. 

The developed sensing assay allowed to perform measurements directly in real matrices of sea 

water. The results showed that the NAPHTA biosensor is able to sense the presence of 0.76 ppb 

NAPHTA, an amount lower than the limit value (0.13 µg/mL) fixed by European Union 

regulations. 
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Materials and Methods 

 

2.1 Materials 

N-hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride 

(EDC), Keyhole limpet hemocyanin (KLH) and�D-lipoic acid were purchased from Sigma-Aldrich 

(Sigma-Aldrich S.r.l. Milan, Italy). All the other chemicals were commercial samples of the purest 

quality. 

 

2.2. Naphthalene derivative synthesis 

Tetraethylene glycol p-toluenesulfonate (100 mg, 0,287 mmol) was added to a round-bottomed 

flask containing an ice-cold solution of 5 equivalents of N-Methyl-1-naphthalenemethylamine, in 

500 μL of anhydrous pyridine. The reaction was left to react for 30 minutes under magnetic stirring, 

then a gentle reflux was applied by heating the mixture with an oil bath. The colour of the reaction 

mix turned from transparent to pale yellow after the first 30 min, then into amber during the 2 h of 

reflux. Thin-layer chromatography (TLC) confirmed the formation of the product. The mixture was 

co-evaporated with anhydrous toluene to eliminate the pyridine, then it was purified by standard 

acid/base liquid separation to obtain a viscous amber oil, which was further purified by preparative 

silica TLC (8:2 DCM:MeOH + 0.1% NH3 solution). The incorporation of the tetra-ethylene glycol 

linker was confirmed by nuclear magnetic resonance spectroscopy (NMR) experiment. Finally, the 

product was further transformed to be amino-reactive by incorporation of a reactive NHS moiety. 

The alcohol previously obtained was left to react overnight at 4°C under vigorous stirring with 1.2 

equivalent of NaH, then iodoacetic acid (5 eq.) was added to the reaction mix. The crude product is 

then dried at rota-vapor and the mix was esterificated in DMF with 10 eq. of TEMED and 5 eq. of 

NHS. The obtained compound was characterized by 1H-NMR and the characteristic resonances of 

the atomic group present in the structure were identified. 

 

2.3 Keyhole Limpet Hemocyanin (KLH- NAPHTA) conjugates production 

Keyhole limpet hemocyanin (KLH) is a large, multi-subunits, oxygen-carrying metallo-protein 

extensively used as a carrier protein in the production of antibodies. The KLH was purchased from 

the Thermo-Fisher and was used in conjugation reaction with the amino reactive naphthalene 
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produced. For the conjugation, the following procedure was used: Naphthalene derivative 

containing the reactive group for a fast self-coupling with proteins was dissolved in 10 mM 

phosphate buffer at pH 7.4 and incubated with the KLH protein, the molar ratio was 1:100. The 

reaction mixture was incubated at room temperature under continuous stirring for 2 hours and then 

dialyzed against 0.5 L of 10 mM phosphate buffer at pH 7.4 for 4 days with daily buffer changes. 

After the extensive dialysis the conjugate KLH-NAPHTA produced was used as antigen in the 

immunization procedure.  

 

2.4 Immunization procedure and purification of IgG anti-Naphthalene  

Two rabbits were immunized following a standard protocol of immunization reported in Pennacchio 

et al. [26]. For this purpose, intradermal inoculation of KLH- NAPHTA conjugate (1 mg per each 

rabbit) was executed. At the end of the immunization process, the rabbits were sacrificed and their 

blood collected and centrifuged to separate blood cells from serum. The obtained sera were used for 

IgG anti-Naphthalene purification. Soon afterwards, the serum sample was diluted in ratio 1:1 with 

binding buffer (Tris-HCl 50 mM pH 7.4) and applied to Protein A resin (Sigma-Aldrich). After an 

overnight binding step, the flow-through was eluted and the wash step with 50 mM Tris-HCl pH 7.4 

was performed in order to remove the un-binding proteins from the column. After these steps, the 

IgG fractions were eluted from column with 0.1 M of Glycine-HCl pH 3.0 and immediately 

buffered using a solution of Tris-HCl 1.0 M pH 9.0. In order to estimate the homogeneity and the 

molar concentration of the purified total IgG, a gel electrophoresis in denatured condition (SDS-

PAGE) and adsorption spectra were respectively made (data not shown). 

 

2.5 Affinity column preparation of NAPHTA -EAH Sepharose 4B and mono-specific antibody anti-

Naphtha purification 

The affinity column was obtained by conjugating the naphthalene derivative to EAH Sepharose 4B 

using the manufacturing instruction. In brief, a 12 mL sample of the resin was washed with H2O at 

pH 4.5 (160 mL), with 0.5M NaCl (100 mL), and again with H2O at pH 4.5 (100 mL). The 

Sepharose resin was finally packed into a polystyrene column (50 mL, BIORAD) suspended in 2.0 

mL of H2O at pH 4.5 and the resulting suspensions were gently shaken. The Naphthalene 

derivative, containing in its structure a reactive group for a fast self-coupling with proteins, was 

dissolved in 10 mM phosphate buffer at pH 7.4 and incubated with the slurry resin at a molar ratio 

of 1:10 for 2 h at room temperature. The slurry resin solution was extensively washed with H2O at 

pH 4.5, 0.5 M NaCl, then it was treated with 15 mL of 0.1 M AcOH at pH 4.0, 0.5 M NaCl 

(blocking buffer) and later with 0.1MTris-HCl at pH 7.0, 0.5 M NaCl (wash buffer). After this step, 
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the resin was washed with the blocking buffer and incubated for 30 min at room temperature. 

Finally, the resin was equilibrated with 10 mL of 50 mM Tris-HCl at pH 7.4. The total IgGs 

obtained from the Protein A purification step were incubated with the EAH-Naphtha resin 

produced. After the incubation step, the column was extensively washed with 50 mM Tris-HCl 

pH7.4 in order to remove un-specific binding with the EAH-NAPHTA resin of the IgGs. The 

mono-specific IgGs were eluted by strong pH changing (Glycine 50 mM pH 3.0) and the purity and 

binding capability of the obtained mono-specific antibodies were evaluated through the SDS-

PAGE. Finally, the concentration of the antibodies at the end of dialyses processes was 

spectrophotometrically determined by absorbance measurements at O = 278 nm. 

 
2.6 Glutamine-Binding protein- NAPHTA conjugate and ELISA test 

The antibodies titer was determined by using indirect ELISA assay, as reported by Pennacchio [26]. 

In order to avoid interference from the carrier protein in the polyclonal antibody detection process, 

NAPHTA derivative (through the same procedure used for KLH- NAPHTA) was conjugated to the 

Glutamine binding protein isolated from E. coli [27]. The GlnBP- NAPHTA conjugate (2 mg/ml), 

prepared according to Pennacchio [26], diluted 1/200, was dissolved in coating buffer at pH 9.5 (25 

mM carbonate/bicarbonate) and was deposited on coat 96-well micro-plates surface in a range of 

concentrations from 1.2 ng/mL to 1.7 ng/mL, GlnBP with same concentration was dissolved in 

coating buffer and used as negative control. The plate was incubated overnight at 4°C. After this 

incubation, it was washed three-times with PBS buffer (0.1 M) containing 0.05% Tween (PBS-T), 

pH 7.4 and blocked for 1 hour at room temperature with a solution of 1% milk in PBS-T buffer. The 

wells were washed several times with PBS-T after each step, incubated with mono-specific anti-

PFOA antibodies at 37°C for 1 hour and subsequently with horseradish peroxidase-conjugated anti-

rabbit IgG antibodies (diluted 1:12000). This solution was incubated for 1 hour at 37°C. The 

enzyme substrate TMB was added, and the colour reaction was quenched after 5 minutes by the 

addition of 2.5 M HCl. The absorbance value at 450 nm was measured, plotting the reciprocal of the 

antibody dilution against absorbance.  

 

2.7 Plasmonic Platform in optical fiber with the experimental setup 

The optical platform was realized in a D–shaped plastic optical fiber (POF) sensing region, of 10 

mm in length, by a multilayer deposited on the flat exposed POF core (D-shaped sensing region). 

The used POF showed a diameter of 1.0 mm, a core of poly-methyl methacrylate (PMMA) with 980 

μm in size and a cladding of fluorinated polymer (20 μm of size). 

The procedure to obtain this plasmonic platform was based only on three steps: first, removing the 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

8 
 

cladding of POF (along half circumference) by polishing process; second, spin coating (6,000 rpm 

for 60 seconds) an optical buffer layer on the POF core; finally, sputtering a thin gold film by a Bal-

Tec SCD 500 machine. The sputtering process was repeated three times by applying a current of 60 

mA for 35 seconds (20 nm of gold for step).  

The proposed buffer layer, used to improve the performances and the adherence of the gold film, 

was a photoresist Microposit S1813, with a refractive index greater than the one of the POF core 

[16]. To deposit the photoresist buffer layer, we used a spin coater machine in order to obtain a 

uniform layer. Furthermore, the shape of the resonance curve and the absence of multiple resonance 

peaks, obtained with the bare gold surface in water, were indirect indications of the uniformity of 

the photoresist buffer layer. In particular, the multilayer deposited on the D-shaped POF region 

presented a thickness of the buffer layer of about 1.5 μm and a gold film of 60 nm. 

The optical sensor system was completed with a very small size, simple and low-cost equipment, 

composed by a halogen lamp and a spectrometer connected to a PC. The white light source 

(halogen lamp, HL–2000–LL, manufactured by Ocean Optics, Dunedin, FL, USA) had an emission 

range from 360 nm to 1700 nm, whereas the spectrometer (FLAME-S-VIS-NIR-ES, manufactured 

by Ocean Optics, Dunedin, FL, USA) had a detection range from 350 nm to 1023 nm. We 

connected the SPR-POF sensor to the equipment, light source and spectrometer by two removable 

SMA connectors.  The SPR curves along with data values were displayed on-line on the computer 

screen and saved with the help of a software provided by Ocean Optics, setting the integration time 

at 1,000 µs and the averaging of the scans at 100. The SPR transmission spectra were normalized to 

the reference spectrum (air as the surrounding medium) by Matlab software [16]. 
 

2.8 Immobilization process on the chip surface 

Following the immobilization procedure reported in Cennamo et al [17], the POF surface was 

sequentially cleaned with: (1) milli-Q water (3 times for 5 minutes) and (2) 10 % of ethanol solution 

in milli-Q water (3 times for 5 min). Then the surface was pre-treated before the covalently 

immobilization of mono-specific antibody against NAPHTA. This procedure consists of three 

different steps: (1) thiol film production, (2) derivatization of the surface by EDC/NHS (3) antibody 

anti-Naphthalene (anti-NAPHTA) immobilization. Soon afterwards the gold chip was immersed in 

freshly prepared solution of α-lipoic acid dissolved in a solution of pure ethanol 10 % in water at 

the final concentration of 40 mM and incubated at 25°C for 18 h and after this incubation period, 

the gold-coated surface was washed with milli-Q water (three times). Sequentially, a mixture of 

EDC/NHS at the final concentrations of 200 mM and 50 mM, were incubated on the chip surface 

for 20 minutes at RT, then for 2 h at room temperature with an msAb anti-NAPHTA 2 mg/ml (100 
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µl) solution in sodium phosphate buffer 20 mM, pH 7.5. Finally, the chips were washed with 

potassium phosphate buffer sodium phosphate buffer 20 mM, pH 7.5 and dried with nitrogen gas. 

The immobilization process can be observed by the resonance wavelength, when a buffer solution 

(blank) is present as bulk. In fact, when a bio-layer is added to the gold film, the measured 

refractive index increases and the resonance wavelength increases, though there is an equal medium 

as bulk (buffer solution). The shift value due to the antibodies immobilization (post 

functionalization) was about 15 nm and about 20 nm after the final passivation step. This method 

has already been reported in our previous work [17]. 

 

2.9 Naphthalene sample preparation 

2 mg/mL of naphthalene crystalline powder was solved into 2 mL of ethanol. 100 µL of this 

solution was diluted in 10 mL of deionized water. Then the water solution obtained (10 µg/mL 

naphthalene, 1% ethanol), was sequentially diluted to prepare the samples in a range of 

concentration from 2.5 to 0.0005 µg/mL. The simulated sea-water matrix samples (in the same 

range of naphthalene concentration) were obtained by diluting 10 µg/mL naphthalene in 1% ethanol 

solution with 0,460 M NaCl buffer. 

 

2.10 Binding experiments 

Experimental results were collected using a simple measuring protocol: about 50 μL of NAPHTA 

solutions at different concentrations were dropped over the sensing region; after an incubation step 

(ten minutes at room temperature for bio-interaction between analytes and receptor), a washing step 

with PBS (buffer) was carried out before the recording of the spectrum (when buffer is present as 

bulk). This protocol was used to measure the shift of the resonance determined by the specific 

binding (analyte/receptor interaction) on the sensing area, and not determined by the bulk refractive 

index changes or by non-specific binding between the gold surface and the analyte. The binding 

between the receptor on the SPR-POF platform and NAPHTA in real matrices was evaluated in the 

range from 0.0 to 2500 ppb (2.5 µg/mL). 
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3. Results and Discussion 

 
3.1 Antibody anti- NAPHTA design and production 

During the last decade, a general strategy to activate and bind small analytes to an antigenic carrier 

was developed to produce high specific MREs such as antibody biomolecules [25-32]. This 

strategy, shown in Figure 1, starts from the functionalization of analytes to obtain a more reactive 

carboxylic/amino derivative for the conjugation with a carrier protein. This strategy gives an 

immunogenic molecule that produces a significantly higher immunological response. The 

immunogenic molecule obtained is then used for the production of antibodies. 

In this context, a soluble NAPHTA derivative compound was been generated with the aim to obtain 

antibody molecules able to bind NAPHTA with high affinity. In particular, a retro-synthetic 

strategy was been planned and three main features were considered: 1) the derivative molecule 

should have an intact naphthalene scaffold; 2) the derivative molecule should be a not-

immunogenic linker for a high water solubility and maintain a correct orientation; 3) the linker 

should have a reactive moiety for a fast self-coupling with proteins. 

Following this strategy in Figure 2 are reported the 1H NMR spectra (Figure 2A) and structure of 

the derivative compound (Figure 2B), obtained with the retrosynthetic approach described in the 

material and method section. The NAPTHA derivative containing a reactive group for a fast self-

coupling with proteins was conjugated to the high immunogenic protein keyhole limpet hemocyanin 

(KLH). The obtained KLH-NAPTHA (Figure 2C) conjugate was used to produce a high-affinity 

antibody, using a standard protocol of immunization. At the end of this process, anti-NAPHTA 

antibodies (msAb-NAPHTA) were purified from serum through two different chromatography steps 

(Protein A Sepharose and NAPHTA–EAH Sepharose).  Their binding capability to NAPHTA was 

evaluated. To estimate the titer of the msAb against NAPHTA, an indirect ELISA test was 

performed. In order to avoid interference from the carrier protein, in the ELISA test, NAPHTA 

derivative was conjugated to different carrier molecules. For this purpose the GlnBP isolated from 

E. coli was used. Microplate wells were coated with different concentrations of antigens GlnBP- 

NAPHTA and reacted with serially diluted msAb-NAPHTA. Figure 3 shows the ELISA results, 

where the absorbance values at 450 nm are reported, for different concentrations of coated GlnBP-

NAPHTA. No signal was registered from non-coated wells, while a positive signal was observed 

when the msAb dilution of 1 in 12,000 was applied. In order to test the antibody selectivity, the 

ELISA was also performed using as potential antigens different molecules that are known to be co-

pollutants in the seawater, (e.g. PFOA and PFOS) and no cross-reactivity was found. 
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In Figure 4 the SPR-POF sensor platform with the flow-chart used for the realization is shown. The 

obtained optical sensor system is small in size, simple and low-cost, being equipped with a halogen 

lamp and a spectrometer connected to a PC, as already reported in the Section 2.7.  

In Figure 5 the functionalization of the gold surface of the SPR-POF platform is reported. Aiming 

at obtaining a smart surface to detect the NAPHTA compound, as reported in our previous works 

[17, 25], the gold surface was sequentially treated with a solution of α-lipoic acid (a), EDC/NHS (b) 

and finally with mono-specific antibodies against the NAPHTA (c). At the end of these steps, a 

passivation procedure of the surface was performed by incubation of GlnBP for 2 h at room 

temperature (Figure 5A). The immobilization of the antibodies on the sensor surface is confirmed 

by the SPR results: SPR transmission spectra, reported in Figure 5B, show a shift (an increase of 

the resonance wavelength) in presence of the same bulk refractive index, before and after the 

functionalization procedure. As already reported in Section 2.8, this shift, due to an increase of the 

refractive index in contact with the gold surface, indicates that the anti- NAPHTA antibodies were 

immobilized on the gold surface. Figure 5B shows a resonance shift value, after the 

functionalization step, of about 15 nm while the shift amounts to 20 nm after the final passivation 

step. 

 

3.2 NAPHTA detection 

In an SPR-POF platform when the refractive index at the gold-dielectric interface increases, the 

resonance wavelength shifts to the right (increase). When a bio-receptor layer is present on the gold 

film, the selective recognition and the consequent capture of the target analytes present in a liquid 

sample, lead to a local increase of the refractive index of the dielectric layer in contact with the 

metal, therefore the resonance wavelength increases.  Figure 6A shows the transmission spectra of 

the SPR-POF with the bio-receptor, normalized to the reference spectrum (with air as the 

surrounding medium), and obtained at increasing concentrations of NAPHTA in a real sea-water 

solution. The resonance wavelength is shifted to higher values by increasing the concentration of 

the analyte (Fig. 6A). Figure 6B reports the variation of the resonance wavelength with respect to 

the blank, Δλc (nm), versus the analyte amount (ppm), in a semi-log scale, and the fitting by Hill 

equation reported below [33]: 

 

Δ𝜆𝑐 = Δλ = 𝜆𝑐 − 𝜆0 =  ∆𝜆𝑚𝑎𝑥 ∙
𝑐𝑛

𝐾𝑛+𝑐𝑛
         (1)     

 
 

where Δλmax is the maximum resonance wavelength variation at increasing concentration of 
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naphthalene (the saturation value minus the blank value). The symbol c indicates the concentration 

of the analyte and λc indicates the resonance wavelength at c concentrations. The resonance at 

0.0ppb concentration (blank) is indicated as λ0. The two parameters K and n are considered as 

descriptors of the standardization curve (Eq. 1), but they can also have a physical meaning [33]. 

Standardization curves, as the curves described by eq. 1, are commonly used when dealing with 

chemical sensors and biosensors. Their physical meaning, in particular the non-linear trend, is 

related to the finite number of the specific sites available for adsorption, which leads to a saturation 

at high analyte concentrations. In this case, the adsorption takes place according to the Langmuir 

adsorption isotherm [33]. The value of n in the Langmuir sorption model should be equal to 1, and 

it is different in case of the presence of cooperative effects. 

In Figure 6B, each experimental point (black square) is the average of 5 subsequent measurements 

and the error bars represent the respective standard deviations, whereas the fitting is performed 

applying by fitting the Hill equation (OriginPro 8.5, Origin Lab. Corp., Northampton, MA, USA). 

The obtained parameters are listed in Table 1. 

The ∆λ0 value should be not significantly different from 0.0, since it indicates the shift of the 

resonance wavelength with the concentration of analyte at 0.0 ppb concentration. The value of n 

cannot be considered as significantly different from 1.0 (see Table 1). From Eq. 1 it is possible to 

notice that, if n≈1 and at low concentration, i.e. at c much lower than K, the dose-response curve is 

linear, with sensitivity ∆λmax/K, defined as the "sensitivity at low concentration", as shown in Eq. 2: 

 

    (2)  

 

Standardization curves, like the curves reported in Figure 6B, with the Hill parameters listed in 

Table 1, are commonly used for biosensors. When the number of receptor sites available for the 

combination with the substrate is limited, the physical meaning of the Hill’s parameters can be 

related to the fact that the adsorption takes place by the combination of the substrate at specific sites 

(the adsorption takes place according to the Langmuir adsorption isotherm). The parameter K of the 

Hill equation (Eq. 1 and 2) corresponds to the reciprocal of the affinity constant of the specific sites 

of the Langmuir model [33]. The affinity constant (Kaff), the sensitivity at low concentration and the 

lower detection limits (LOD) of naphthalene in a real sea-water solution are reported in Table 2. 

The LOD can be calculated by the ratio of three times the standard deviation of the blank. 

In order to verify the non-specific binding between the sensing layer and the NAPHTA, the 

response of SPR-POF sensor without the bio-receptor was tested. Figure 7 shows the SPR curves 
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obtained with different concentrations of NAPHTA in real solution. In this case, we used a range of 

NAPHTA concentration wider than the saturation value (around 10 ppb). The results obtained show 

that, as a consequence of the concentration increase, the shift of the resonance wavelength was not 

registered. 

 

4. Conclusion 
Aiming at detecting naphthalene in seawater, we designed a novel SPR-POF sensor that combines a 

novel antibody layer with a plasmonic platform in plastic optical fibers. The procedure used for the 

bio-receptor design and production allows to obtain very high affinity antibodies against the 

NAPTHA and this characteristic was used to develop the SPR-POF biosensor. The binding tests 

were realized on laboratory and simulated real matrix samples. The selective recognition of 

NAPTHA, in a liquid sample by antibody layer, displayed an increase of the resonance wavelength. 

The obtained results showed that the assay is selective and able to sense the presence of a very low 

amount of NAPTHA, exhibiting a LOD of 0.76 ng/mL (0.76 ppb), a value that is lower than the one 

fixed by the European Union regulations. In the future, after these preliminary laboratory results, 

the remote sensing capabilities offered by optical fibers could be exploited for on-site and real-time 

monitoring of the naphthalene concentration in sea-water. 
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Figure legend 
 
Figure 1. Flowchart of the strategy used for antibodies production, purification and quantification. 
 
Figure 2. (A) 1H NMR spectrum of the naphthalene derivative. (B) Water soluble and self-
conjugate naphthalene derivative. (C) 2. Scheme of conjugation reaction between the KLH and 
naphthalene derivative, the reaction was performed at RT, at pH 6.0 for 2 h. 
 
Figure 3. Indirect ELISA test results obtained using msAb anti-NAPTHA. The assay was 
performed in the Tris-borate buffer in the presence of 0.005% Tween and 1% milk. Temperature 
was 25 °C. 
The dilution of anti-NAPTHA was 1:12,000. 
  
Figure 4. Plasmonic platform in POF with the experimental setup and the description of the needed 
steps to realize it.  
 
Figure 5. Gold surface functionalization processes. Resonance spectra were acquired in buffer 
solution (PBS) obtained before and after the functionalization and passivation processes.  
 
Figure 6. SPR spectra acquired to naphthalene detection. (A) SPR spectra obtained by SPR-POF 
with the bio-receptor at different concentrations of naphthalene in real seas water matrices (460 mM 
NaCl), in the range from 0.0 to 2500 ppb. (B) Plasmon resonance wavelength shift (Δλc) versus 
concentration of naphthalene (ppb) in semi-logarithmic axes, and Hill equation fitting of the 
experimental data. 
 
 
Figure 7. SPR spectra obtained by SPR-POF without the bio-receptor at different concentrations of 
naphthalene in real sea-water matrices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 1. Hill parameters of naphthalene detection in real solution by SPR-POF biosensor  
 

∆λ0 [nm] ∆λmax [nm] K [ppb] n Statistics 
Value Standard 

Error 
Value Standard 

Error 
Value Standard 

Error 
Value Standard 

Error 
Reduced 
Chi-Sqr 

Adj. R-
Square 

-1.3 14.8 7.36 0.898 0.149 0.533 0.968 1.27 65.719 0.912 

Table 1 new



Table 2. Chemical parameters for naphthalene detection in real solution by SPR-POF biosensor 
 
 
  
 

 
 
 
 
 
 
 

 
 

  
Parameters Value 

SPR-POF 
 biosensor 

K aff [ ppb-1 ] 
( K aff =1/K) 6.71 

Sensitivity at low c [nm/ppb] 
(Sensitivity at low c = ∆λmax / K ) 58.12 

LOD [ ppb ] 
(3*standard deviation of blank / Sensitivity at low c) 0.76 

Table 2 new
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